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DUAL-PLANET FRFE-WIWN TRAJECTORIES 

M VENUS AND MARS IN 

1976 AND 1978 

By Eenjamine J. Garland 

SUMMARY 

A study was made of free-return t r a j e c t o r i e s  i n  1976 and 1978 which 
pass near both Venus and Mars. The t r a j ec to r i e s  i n  1976 were of only 
s u p e r f i c i a l  i n t e r e s t  because of the high in jec t ion  veloci ty  required. 
Huwever, the r e s u l t s  indicate that  a spacecraft which i s  capable of 
achieving free-return t r a j ec to r i e s  t o  Mars i n  1977 and 1979 w i l l  a l s o  
be capable of achieving free-return t r a j ec to r i e s  t o  both Venus and Mars 
i n  1978. 
not require the spacecraft  t o  enter the asteroid be l t .  

In addition t o  passing close t o  Venus, these t r a j e c t o r i e s  do 

INTRODUCTION 

One of the major disadvantages of free-return t r a j e c t o r i e s  t o  e i t h e r  
Venus or  Mars i s  t h a t  the spacecraft is near the t a r g e t  planet f o r  only 
a small percentage of the t o t a l  t r i p  time. It was shown i n  reference 1 
t h a t  a t yp ica l  free-return t ra jec tory  t o  Mars requires between 650 and 
7lO days and t h a t  the spacecraft  i s  within the sphere of influence of 
Mars f o r  approximately 40 hours. 
t h a t  a t yp ica l  free-return t ra jec tory  t o  Venus requires between 330 and 
390 days and t h a t  the spacecraft  is within the sphere of influence of 
Venus f o r  approximately 60 hours. 
require  a large e f fo r t ,  it is desirable t o  obtain as  much usefu l  
information a s  i s  possible during any one mission. 

Similarly, it was sham i n  reference 2 

Since any interplanetary mission w i l l  

I n  reference 3, Battin has described free-return t r a j e c t o r i e s  i n  
1966 and 1972 which pass near both Venus and Mars before the  spacecraft  
re turns  t o  Earth. The r e l a t ive  motions of Venus, Earth, and Mars are  
such t h a t  t h i s  type of t ra jectory i s  possible approximately every 6.5 
years. Bat t in  described these t r a j ec to r i e s  a s  astronomical oddi t ies  
and s ta ted t h a t  the launch-time tolerances appeared t o  be f a r  too  severe 
f o r  current technology. 
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One objective of t h i s  study was t o  define the launch-time tolerances 
of dual-planet free-return t r a j ec to r i e s  t o  Venus and Mars i n  1976 and 
1978 

r 

V 

h 

5 

P 

distance between body and the center  cxP t he  
Sun, A.U. 

velocity, fp s  

longitude of body i n  he l iocent r ic  eclLptic 
coordinate system, deg 

longitude of body i n  planet-centered coordinate 
system, deg 

right ascension of hyperbolic excess vector, deg 

distance of body from the  center  of the  planet, 
A.U. 

l a t i t ude  of body i n  hel locentr lc  e c l i p t i c  
coordinate system, deg 

l a t i t ude  of body i n  planet-centered coordinate 
system, deg 

declination of hyperbolic excess vector, deg 

ANALYSIS 

The two coordinate systems used a re  shown i n  f igure 1 and have been 
The ephemerides of the planets a re  discussed i n  references 1, 2, and 4. 

described by noncoplanar e l l i p ses  whose elements vary w i t h  time. The 
o r b i t a l  elements of planets were obtained from reference 5. 

The dual-planet free-return t r a j e c t o r i e s  a r e  calculated using an 
extension of t he  method presented i n  references 1 and 4. 
a r e  t rea ted  a s  a s e r i e s  of single-planet f ree-return t r a j e c t o r i e s  except 
t h a t  a f t e r  encountering the  f i r s t  t a rge t  planet the  spacecraf t  t r ave l s  
t o  the second t a rge t  planet instead of re turning d i r e c t l y  t o  Earth. The 
t r a j e c t o r y  is  specified by the departure date,  the  time of the first 

The t r a3ec to r i e s  
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encounter, and the order i n  which the t a rge t  planets are encountered. 

The periapsis a l t i t ude  a t  the first t a rge t  planet may be controlled 
by changing the t i m e  of f l ight between Earth and the first t a r g e t  planet. 
It was shown i n  reference 2 t h a t  for a specified departure date,  there  
m i g h t  be a maximum periapsis a l t i tude  a t  the t a r g e t  planet. This 
condition i s  a l s o  t rue  i n  dual-planet f ree-return flybys, but the  
s i t ua t ion  is  complicated fur ther  by the  f a c t  t h a t  the per iapsis  a l t i t ude  
a t  the second t a rge t  planet must be above the surface of the planet. 

The periapsis a l t i t ude  a t  Venus and Mars are presented i n  f igure 2 
as  a function of the  f l i g h t  t i m e  between Earth and Venus. 
leaves Earth on December 7, 1978. 
posit ive i f  the Earth-Venus t r i p  time is  between 145.6 and 164.5 days. 
Unfortunately, the  periapsis a l t i tude  a t  Mars i s  negative i f  the Earth- 
Venus f l i gh t  t i m e  i s  between 152.9 and 158.0 days. 
free-return t r a j ec to r i e s  beginning on t h i s  date are possible only i f  
the Earth-Venus f l i g h t  time i s  between 145.6 and 152.9 days and between 
158.0 and 164.5 days. 
of the most i n t e r e s t  since the periapsis a l t i t udes  a t  both Venus and 
Mars are re la t ive ly  low. 

This t r a j ec to ry  
The periapsis a l t i t ude  a t  Venus is  

Therefore, dual-planet 

Trajectories occurring i n  the second i n t e r v a l  are  

The conversions between Jul ian Dates and the Gregorian Calendar 
during the time periods discussed a re  presented i n  the  tab le .  

RESULTS 

The dual-planet free-return t r a j ec to r i e s  considered i n  t h i s  study 
encounter Venus f i rs t  and then Mars. Two time periods were considered 
but more emphasis was placed on the second i n t e r v a l  because a lower 
in jec t ion  velocity was required during t h i s  interval .  The first i n t e r v a l  
occurs i n  1976 and the second occurs i n  1978. 

The inject ion velocity, entry velocity, and t o t a l  t r i p  time f o r  
dual-planet free-return t r a j ec to r i e s  beginning between 2 443 070 J .D.  
(October 18, 1976) and 2 443 085 J.D. (November 2, 1976) are  presented 
i n  f igure 3.  
requires  the  lowest inject ion velocity on a given departure date.  The 
minimum in jec t ion  velocity on a given departure date. 
in jec t ion  velocity, 15 940 fps, occurs when the departure date  is  
2 443 078 J.D. It i s  impossible t o  achieve a dual-planet free-return 
t r a j ec to ry  before 2 443 071 J.D. and a f t e r  2 443 085 J.D.  because the 
in j ec t ion  velocity increases rapidly. 
presented i n  figure 3 would require an increase of approximately 460 fps  
i n  the inject ion velocity. The entry velocity is  between 54 400 fps  and 

The quant i t ies  presented are  fo r  t he  t r a j ec to ry  which 

The minimum 

The 14-day departure window 
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57 400 fps ,  and the t o t a l  t r i p  time i s  between 71.5 and 736 days. 

Character is t ics  of Trajector ies  Occurring 
Between November 23, 1978 and December 27, 1978 

The dual-planet f ree-return t r a j e c t o r i e s  beginning i n  1978 are  of 
more i n t e r e s t  because lower inject ion ve loc i t ies  a r e  required. Some of 
the  cha rac t e r i s t i c s  of t h i s  group of t r a j e c t o r i e s  are  presented i n  
f igures  4(a)  through 4(h) a s  functions of the  departure date and the 
per iapsis  a l t i t u d e  a t  Venus. The departure dates  vary between 
2 443 836 J.D. (November 23, 1978) and 2 443 870 J.D. (December 27, 1978). 

The per iapsis  a l t i t u d e  a t  Mars is sham i n  figure 4(a).  The per iapsis  
a l t i t u d e  a t  Venus and Mars are both zero when the  departure date i s  
2 443 836 J.S. (November 23, 1978). 
the t a rge t  planets i s  determined by the  departure da te  and t h e  per iapsis  
a l t i t u d e  a t  the other t a r g e t  planet. 

The per iapsis  a l t i t u d e  a t  one of 

The required in jec t ion  velocity i s  presented i n  f igure 4(b). The 
minimum in jec t ion  veloci ty  i s  approximately 14  220 fps.  
2 443 848 J.D. and gives a zero periapsis a l t i t u d e  a t  Mars. 
per iapsis  a l t i t u d e  a t  Venus is  200 n. m i . ,  the  minimum in jec t ion  veloci ty  
i s  approximateb 1 4  400 fps .  
required t o  achieve a 30-day window i f  the per iapsis  a l t i t u d e  a t  Venus 
i s  200 n. m i . ,  an increase of 980 fps  over the  minimum velocity.  The 
per iapsis  a l t i t u d e  a t  Mars varies from 145 n. m i .  a t  the  beginning of 
the  window t o  580 n. m i .  a t  the  end of the window. These r e s u l t s  are 
comparable t o  the  in j ec t ion  veloci t ies  for f ree-return t r a j e c t o r i e s  t o  
Mars i n  1977 and 1-9 (ref. 1). If the per iapsis  a l t i t u d e  a t  Mars i s  
200 n. m i . ,  a 30-day window i n  1977 requires  an in jec t ion  veloci ty  of 
15 360 fps  and a 30-day window i n  1979 requires an in jec t ion  veloci ty  
of 15 180 fps. 

It occurs on 
If the  

An in jec t ion  veloci ty  of 15 380 f p s  is 

The entry velocity a t  Earth i s  presented i n  f igure 4(c).  The entry 
veloci ty  varies between 45 800 fps and 53 100 fps  for a l l  the  t r a j e c t o r i e s  
considered. The en t ry  velocity decreases as  t he  per iapsis  a l t i t u d e  a t  
Venus i s  increased. If the periapsis a l t i t u d e  a t  Venus i s  constant,  the  
en t ry  veloci ty  w i l l  be increased a s  the  departure from Earth i s  delayed. 
The en t ry  velocity f o r  the dual-planet f ree-return t r a j e c t o r y  may be as  
much a s  4 000 fps  higher than the en t ry  veloci ty  for f ree-return 
t r a j e c t o r i e s  t o  Mars i n  1977 and 1979. 

The time required t o  t r a v e l  fmm Earth t o  Venus (Earth-Venus t r i p  
time) and the  time required t o  t r a v e l  from Venus t o  Mars (Venus-Mars 
f l ight time) are shown i n  figure 4(d).  
from 182 t o  141days as  the  departure date i s  changed. 
change i n  the t r i p  time on a given departure date was between 6 and 8 days. 

The Earth-Venus t r i p  time varies 
The maximum 
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The Venus-Mars t r i p  time varies  from 227 t o  280 days. The t r i p  t i m e  
decreases as  the  periapsis a l t i t ude  a t  Venus i s  increased. The time 
required t o  t r a v e l  from Mars t o  Earth (Mars-Earth t r i p  time) and the  
t o t a l  t r i p  time are  presented i n  figure 4(e). 
var ies  between 234 and 255 days. 
departure date  is  about 18 days. 
the  Venus-Mars t r i p  time, the Mars-Earth t r i p  time increases as  the  
per iapsis  a l t i t u d e  a t  Venus is  increased. 

The Mars-Earth t r i p  time 
The maximum change f o r  a fixed 
Unlike the  Earth-Venus t r i p  time and 

The t o t a l  t r i p  time varies between 626 and 673 days. The t o t a l  
t r i p  t i m e  depends more on the periapsis a l t i t ude  a t  Venus than on the 
departure date. 
by changing the periapsis a l t i tude  a t  Venus, and it i s  decreased as  
t h i s  a l t i t u d e  is  increased. The t o t a l  t r i p  time of the dual-planet 
free-return t ra jec tory  is  s l igh t ly  less than the  time required f o r  
t r a j e c t o r i e s  t o  Mars i n  1977 and 1979. 

The t o t a l  t r i p  time can be changed a s  much as  37 days 

The periapsis velocity a t  Venus and the  angle between the periapsis 
posit ion vector and the l i ne  connecting the  centers of Venus and the 
Sun (spacecraft-Venus-Sun angle a t  per iapsis)  are presented i n  f igure 4(f). 
The periapsis velocity varies between 45 600 fps  and 52 800 fps.  
minimum periapsis velocity f o r  a 200-n. m i .  a l t i t ude  i s  48 000 fps. 
The dual-planet free-return t r a j ec to r i e s  r e s u l t  i n  periapsis ve loc i t ies  
a t  Venus which are approximately 10 000 fps higher than those encountered 
by free-return t r a j ec to r i e s  t o  Venus between 1970 and 1975. 
Venus-Sun angle a t  periapsis is  between 100' and 105'. 
the  periapsis is within 15' of the terminator and is  on the dark s ide 
of Venus. 
re turn  t r a j e c t o r i e s  t o  Venus only. 

The 

The spacecraft-  
This means t h a t  

The periapsis is  within 15' of the subsolar point f o r  f ree-  

The periapsis velocity a t  Mars and the  angle between the periapsis 
posit ion vector and the l i n e  connecting the centers of Mars and the 
Sun (spacecraft-Mars-Sun angle a t  per iapsis)  ere  presented i n  f igure 4(g). 
The maximum value of the periapsis velocity i s  26 200 fps and the 
minimum value i s  23 600 fps. The maximum variat ion f o r  any given 
departure date i s  approximately 1000 fps. The periapsis velocity is 
between 32 000 fps and 35 000 fps f o r  free-return t r a j ec to r i e s  t o  Mars 
i n  1977. In  1979 the  periapsis velocity a t  Mars is  between 36 500 fps  
and 38 500 fps.  The spacecraft-Mars-Sun angle a t  periapsis i s  between 
l l 5 O  and 125'. 
terminator and i s  on the  dark side of Mars. The periapsis i s  about 
l 5 O  frm the  terminator and on the dark s ide f o r  free-return t r a j e c t o r i e s  
t o  Mars i n  1977 and 1979. 

That is, the  periapsis i s  between 25O and 3 5 O  of t he  

The d i rec t ion  and magnitude of the hyperbolic excess a t  departure 
frm Earth is  presented i n  figure 4(h). 
excess vector (hyperbolic excess) and the  inject ion velocity are  d i r e c t l y  

The magnitude of the  hyperbolic 
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re lated so t h a t  t h i s  portion of the f igure does not present much 
addi t ional  information. The declination of the hyperbolic excess is  
between 13' and 17' f o r  the departure dates considered and i s  only 
s l i g h t l y  affected by the  periapsis a l t i t ude  E t  Venus. 
of the  hyperbolic excess vector i s  between 4 The r igh t  
ascension may vary as much as  13' on any departure date. 

The r igh t  ascension 
and -33'. 

A Typical Dual-Planet Trajectory t o  Mars and Venus 

The time his tory of a typical dual-planet free-return t r a j ec to ry  
t o  Mars and Venus was calculated and the  projection of t h i s  t r a j ec to ry  
i n t o  the e c l i p t i c  plane i s  presented i n  f igure 5. The spacecraft  k a v e s  
Earth on December 7, 1977, and passes through perihelion before it 
reaches Venus on May 17, 1979. The spacecraft  passes close t o  Mars 
on January 17, 1980, and returns  t o  Earth on September 22, 1980. During 
t h i s  time the spacecraft has traveled through about 1.75 revolutions and 
has passed through one aphelion and two d i f f e ren t  perihelions. The 
periapsis a l t i t u d e  was 403.58 n. m i .  and 302.22 n. m i .  a t  Venus and Mars, 
respectively . 

The t i m e  h i s to r i e s  of the  distance of t he  spacecraft  from Earth and 
the  distance of t he  spacecraft from the  Sun are  presented i n  f igure 6 
f o r  the same t ra jec tory .  The spacecraft i s  1.43 A.U. from Earth a t  the 
flyby of Venus and i s  0.80 A.U. from Earth a t  the flyby of Mars. The 
c loses t  approach t o  the  Sun occurs a t  the  first perihelion and i s  0.53 A.U. 
A t  t he  second perihelion, the  distance of the  spacecraft  from the  Sun 
i s  0.84 A.U. 
1.68 A.U., and occurs shor t ly  before Mars is  reached. 
disadvantages of t he  t r a j ec to r i e s  discussed i n  reference 1 i s  tha t  the  
spacecraft  must spend about one year i n  the  asteroid be l t ,  which can 
be assumed t o  begin a t  about 1.75 A.U. from the  Sun ( re f .  4) .  None of 
the dual-planet free-return t ra jec tor ies  studied require the  spacecraft  
t o  en ter  the asteroid bel t .  

The maximum distance of the  spacecraft  from the Sun is 
One of the major 

1 

The motion of the  spacecraft while it is close t o  the  periapsis a t  
Venus is  presented i n  f igure 7. The a l t i t u d e  is  less than 1000 n. m i .  
f o r  approximately 9 minutes. The spacecraft approaches Venus from the 
light s ide and i t s  t r ack  on the surface of Venus crosses the  terminator 
about 1.6 minutes before periapsis i s  reached. 
t he  umbra of Venus about 2.4 minutes a f t e r  per iapsis  passage. 
spacecraft i s  s t i l l .  i n  darkness 11.4 minutes a f t e r  periapsis passage 
when the a l t i t ude  has increased t o  one planet r a d i i  (3293.7 n. m i , ) .  

The spacecraft  en te rs  
The 

Figure 8 presents the  motion of the spacecraft  near the periapsis 
a t  Mars. The spacecraft  approaches Mars from the  dark s ide and en ters  
the  umbra of Mars 14.8 minutes prior t o  the periapsis passage. 
a l t i t u d e  i s  2250 n. m i .  (approximately 1.22 planet r a d i i )  when the 

The 
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spacecraft  en te rs  the umbra. The spacecraft emerges from the umbra 
approximately 0.2 minutes a f t e r  periapsis passage and i t s  t r ack  on the 
surface of Mars crosses the terminator 1.2 minutes l a t e r .  The a l t i t ude  
of the  spacecraft  i s  less than 1000 n. m i .  f o r  16 minutes but only 
slightly less than one-half of t h i s  time i s  i n  sunlight.  The a l t i t ude  
has increased t o  one planet radius (1843.9 n. m i . )  by 12.8 minutes 
a f t e r  t he  periapsis passage. 

CONCLUDING REMARKS 

Dual-planet free-return t r a j ec to r i e s  t o  Venus and Mars occur i n  
The t r a j e c t o r i e s  beginning i n  1976 require in jec t ion  

The minimum inject ion veloci ty  required by the group 

1976 and 1978. 
veloc i t ies  of a t  l e a s t  15 940 fps and the  t o t a l  t r i p  times are  between 
715 and 736 days. 
of t r a j e c t o r i e s  beginning i n  1978 i s  1 4  220 fps  and the  t o t a l  t r i p  times 
are  between 626 and 673 days. 
t o t a l  t r i p  times are  important reasons why the  1978 t r a j ec to r i e s  are  
of the most i n t e re s t .  

The lower in jec t ion  ve loc i t ies  and shor te r  

It i s  not possible t o  specify the periapsis a l t i t ude  a t  both Venus 
and Mars. However, it i s  possible t o  keep the periapsis a l t i t ude  below 
800 n. m i .  a t  both planets by r e s t r i c t ing  the var ia t ion i n  the Earth- 
Venus t r i p  time t o  l e s s  than approximately 6 days. 
considered, an increase i n  the periapsis a l t i t u d e  w i l l  cause a decrease 
i n  the periapsis a l t i t ude  a t  Mars. 

For the cases 

The periapsides a t  both Venus and Mars l i e  within 3.5' of the terminator 
and are  on the  dark s ide of the  planet. The spacecraft  approaches Venus 
from the l i g h t  s ide ,  end it approaches Mars from the dark side.  The 
spacecraft  w i l l  spend some t i m e  in  the shadow of both Venus and Mars. 

The in jec t ion  velocity required t o  achieve a 30-day launch window 
i s  approximately the same for  dual-planet free-return t r a j ec to r i e s  i n  
1978 and f o r  free-return t r a j ec to r i e s  t o  Mars i n  1977 and 1979. 
en t ry  ve loc i t ies  of the dual-planet free-return t r a j ec to r i e s  i n  1978 are  
about 4000 fps higher than the  entry ve loc i t ies  of free-return t r a j e c t o r i e s  
t o  Mars i n  1977 and 1979. The t o t a l  t r i p  times required f o r  the dual- 
planet free-return t r a j e c t o r i e s  i n  1978 i s  s l i g h t l y  less than the t o t a l  
t r i p  times required f o r  free-return t r a j e c t o r i e s  t o  Mars i n  1977 and 1979. 
Although free-return t r a j ec to r i e s  t o  Mars i n  1977 and 1979 require the 
spacecraft  t o  spend approximately one year i n  the asteroid be l t ,  the 
spacecraft  w i l l  not en ter  the asteroid b e l t  during a dual-planet f ree-  
re turn  mission. 

The 

It appears t h a t  a spacecraft which i s  capable of achieving free-return 
t r a j e c t o r i e s  t o  Mars i n  19'77 and 1979 w i l l  a l s o  be capable of performing 
dual-planet f ree-return t r a j ec to r i e s  t o  Venus and Mars i n  1978. 
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CONVERSIONS BE!IWEEN JULIAN DATES AND 
GREGORIAN CAI;ENDAR DATES 

Ju l i an  date r 
2 443 070 

2 443 075 

2 443 080 

2 443 085 

2 443 830 

2 443 840 

2 443 850 

2 443 860 

2 443 870 

2 443 880 

Gregorian calendar dates  

October 18, 1976 

October 23, 1976 

October 28, 1976 

November 2, 1976 

November 17, 1978 

November 27, 1978 

December 7, 1978 

December 17, 1978 

December 27, 1978 
~ 

January 6, 1979 
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Equinox 

(a) Heliocentric ecllptic system 

Autumnal 
Equinox 

(b) Planet centered system 

Figure 1. - Heliocentric ecliptic and planet-centered coordinate systems. 
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Figure 3.- Injection velocity, entry velocity, and total trip time for dual-planet 
flybys beginning between 2 443 070 Julian date (OctoSer 18, 1976) and 
2 443 085 Julian date (November 2, 1976). 



12 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 + 9 VI d m N d 

CI m 
0) 
U X 

Y 
Y 

m - 
m 
In 
P m 

.- 

.- 
ij 
n 
m 
v 

f n 
E aJ 
5 
0 z 

b 
0 

I 



-0 aJ 3 
S 

U K 
0 
0 

.- 



14 

c 

1 
r 

5 
2 w 
U m 
Y - 
0 
0 
aJ > 
- 

2\ 
U 
t 
w 

. 
-0 aJ 
3 .  
C 

E 
0 
0 

.- 
U 

2 
3 cn .- 
LL 



m 
I- 

E .- 
Y 

Q 
L Y 
.- 

TI 
S m 
Q) 
E .- 
Y 

Q .- 
L Y 

x 
3 
K 
Y 
S 
0 
0 

.- 

I 

U 



16 

I 

d- 
E 
3 
m 
LL 
.- 



In 
In 
.- 
n m .- 
L 

Y 

Y 

In 
In 

m 

.- 
n ._ 
L 

Q 



v) 

In 
m 

P 

.- 
n .- 
L 

Y 
m 
A Y 

0 
0 
aJ 
5 

.- 
- 
v) 

In 
P 
m 

.- 

.- 
L 

2 



. 



20 

220" 

230" 

240" 

250" 

260" 

270" 

280" 

290" 

300" 

310" 

320" 

160" 150" 210" 200" 190" 180" 170" 

140" 

130" 

120" 

110" 

100" 

90" 

8 0" 

7 0" 

60" 

50" 

40" 

330" 340" 350" 0 10" 20" 30" 
Figure 5.- Projection of dual-planet flyby trajectory beginning 

on December 7, 1978 into the ecliptic plane. 
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